White matter hyperintensities (WMH) in elderly individuals with vascular diseases are presumed to be due to ischemic small vessel diseases; however, their etiology is unknown. We examined the cross-sectional relationship between cerebrovascular hemodynamics and white matter structural integrity in elderly individuals with vascular risk factors. White matter hyperintensity volumes, fractional anisotropy (FA), and mean diffusivity (MD) were obtained from MRI in 48 subjects (75 ± 7years). Pulsatility index (PI) and dynamic cerebral autoregulation (dCA) was assessed using transcranial Doppler ultrasound of the middle cerebral artery. Dynamic cerebral autoregulation was calculated from transfer function analysis (phase and gain) of spontaneous blood pressure and flow velocity oscillations in the low (LF, 0.03 to 0.15 Hz) and high (HF, 0.16 to 0.5 Hz) frequency ranges. Higher PI was associated with greater WMH (Po0.005). Higher phase across all frequency ranges was associated with greater FA and lower MD (Po0.005). Lower gain was associated with higher FA in the LF range (P ¼ 0.001). These relationships between phase and FA were significant in the territories limited to the middle cerebral artery as well as across the entire brain. Our results show a strong relationship between impaired cerebrovascular hemodynamics (PI and dCA) and loss of cerebral white matter structural integrity (WMH and DTI metrics) in elderly individuals.
INTRODUCTION
Cerebral white matter injury, seen as regions of white matter hyperintensity (WMH) on T2-weighted magnetic resonance imaging (MRI) sequences, is a significant correlate of cognitive decline and slowing of gait in elderly people.
1,2 These white matter changes, which are also strongly associated with vascular risk factors, are regarded as typical MRI expressions of small vessel disease. 3, 4 However, the histopathologic correlates of WMH are quite heterogeneous and include chronic cerebral ischemia, demyelination, venous collagenosis, edema, and microcystic infarcts. [5] [6] [7] [8] Little is known about the precise mechanisms leading to these diverse changes in the cerebral white matter.
A number of studies have shown a strong relationship between impairments in cerebrovascular hemodynamics such as vasoreactivity and pulsatility index (PI) and WMH. [9] [10] [11] Pathologic evidence supports the relationship between aspects of small vessel disease, such as decreased vascular density, tortuous arterioles, and deposition of excessive collagen in veins, with WMH. 7, 12 Some of the possible mechanisms of small vessel disease include altered cerebral autoregulation, blood-brain barrier leakage, lipohyalinosis-related narrowing of lumen, venous collagenosis, oxidative stress, inflammation, and degeneration. 7, 13 Given the prevalence of vascular disease and the significant impact of white matter damage on motor and cognitive decline as well as the prevalence of stroke, it is paramount that we continue to probe the relationship between cerebrovascular hemodynamics and WMH using novel imaging and analytical tools.
Diffusion tensor imaging (DTI) of the cerebral white matter can detect early age-related changes in normal-appearing white matter (NAWM), which are not evident on a conventional MRI and may precede the development of WMH. 14, 15 Although volumetric measures of WMH may be more representative of the global and cumulative effects of multiple pathologic processes, early changes may help identify causal mechanisms responsible for cerebral white matter injury. 16 Animal models have shown that impaired cerebral autoregulation is apparent months before the first histologic evidence of white matter injury. 17 Therefore DTI measures may provide important information about the relation between cerebral vascular function and white matter structural integrity early in the course of white matter injury and at a time when interventions might be most effective. Therefore, our study was designed to examine the cross-sectional relationship between cerebrovascular hemodynamics and MRI measures of cerebral white matter structural integrity in elderly individuals with vascular risk factors. We specifically studied two measures of cerebrovascular hemodynamics, pulsatility index (PI), a measure of cerebrovascular compliance), and dynamic cerebral autoregulation (dCA), and their relationship with WMH volume and DTI measures (fractional anisotropy (FA) and mean diffusivity (MD)) in NAWM.
MATERIALS AND METHODS
Forty-eight subjects (75 ± 7 years) with vascular risk factors were enrolled in this study. Subjects had either hypertension (determined by either systolic arterial blood pressureX140 mm Hg or diastolic blood pressureX90 mm Hg on repeated occasions or treatment with antihypertensive treatment) or well-controlled type 2 diabetes or both (Table 1 ). All subjects were screened with a medical history, followed by a physical examination and ECG. Doppler ultrasound of the intracranial vessels was performed and subjects with distinct hemispheric asymmetries or focal stenoses were excluded from the study. Subjects with history of stroke and transient ischemic attacks were also excluded. The Institutional Review Boards of the Brigham and Women's Hospital and Hebrew SeniorLife approved this study. All subjects provided written informed consent. The study protocol required 2 days of participation, one visit for the MRI acquisition and the other visit for cerebrovascular measurements.
Brain Imaging
Volumes of WMH normalized by intracranial volume were estimated from the MRI. Diffusion tensor imaging measures of global FA and MD in NAWM were also acquired. The DTI metrics are computed from the molecular diffusion of protons present in water molecules within the tissues.
Structural properties such as fiber tract orientation, myelin structure and density, and axonal structure influence this diffusion. Animal models have reported correlations between DTI changes and histologic markers of axon and myelin structural integrity. 18 Therefore, the DTI metrics are an indirect measurement of tissue structural integrity. Higher FA and lower MD are associated with greater tissue integrity.
Magnetic Resonance Image Acquisition
All participants were imaged using a Siemens Trio 3 Tesla system (Erlangen, Germany) employing a 12-channel phased-array head coil for reception and body coil for transmission. Diffusion-weighted images were obtained using twice-refocused spin echo: 64 slices, TR/TE ¼ 7,920/83 milliseconds, 2-mm isotropic voxels, 60 directions, b ¼ 700 seconds/mm 2 
Magnetic Resonance Image Analysis
White matter hyperintensities were measured with FreeSurfer (http:// www.surfer.nmr.mgh.harvard.edu) using a multispectral procedure that classifies white matter as normal or abnormal from signal intensities from the T1, PD, and T2 images at each voxel. The FreeSurfer procedure for lesion segmentation is a newly developed procedure that combines the initial standard segmentation with an extension of the subcortical segmentation procedure that incorporates information from a coregistered T2 and PD image for the segmentation of signal abnormalities within the white matter. Although the procedure with T1-weighted images alone tends to underestimate white matter lesion volumes, the incorporation of information from T2/PD provides more robust estimation of the lesion volumes. This WMH segmentation procedure is an extension of a previously described segmentation method. 19 The multiple image modalities were registered to the T1 with boundary-based registration (BBR) and the segmentation of WMH from healthy WM was accomplished with a multispectral Gaussian classifier for each subject based on the atlas values.
Diffusion tensor imaging data were motion and Eddy-current corrected, and subsequently used in computing FA and MD with the FSL Diffusion Toolbox. Maps for FA were entered in voxel-based analyses using the Tract Based Spatial Statistics procedure for inter participant spatial normalization. 20 The Tract Based Spatial Statistics procedure creates a mean FA image by averaging all participants' aligned FA maps and then thresholding this average for voxels with a FAX0.2 to generate a mean FA skeleton, which represents the centers of all tracts common to the group. Using this FA skeleton helps exclude regions that are likely composed of multiple tissue types as a result of crossing fibers or fiber orientations that may be susceptible to partial volume contamination. Global FA values using this procedure have demonstrated a range of effects that are minimally confounded. 21 The region of interest procedure is explained in detail elsewhere. 21 Region of interest was based on the Tract Based Spatial Statistics skeleton and was generated using the John Hopkins University white matter labels available as part of the FSL suite and the T1-based white matter parcellation, which is automatically created during the FreeSurfer processing stream. The region of interest template was co-registered with each subject's diffusion skeleton to obtain white matter parcellation unique to each individual's anatomy. Freesurfer bbregister tool was used to register the T1 image to the lowb volume. Region of interest for the white matter was extracted from native voxels limited to the Tract Based Spatial Statistics FA skeleton to minimize the confounding effect of partial volume contamination on the regional measurements. With this procedure, localized FA measures are based fully on volume of white matter labeled by gyral anatomy and FA values within these localized regions are fairly uniform. The whole brain was then parceled into three 23 All measurements were obtained continuously for 5 minutes while subjects were seated upright in a chair.
Data Analysis
All data were displayed and digitized in real time at 500 Hz with data acquisition software (Windaq, Dataq Instruments, Akron, OH, USA). The blood pressure and cerebral blood flow velocity waveforms were visually inspected for artifacts and ectopy, and only steady-state data were used for analysis. Mean (MAP), systolic, and diastolic (DBP arterial pressures were determined from the mean, maximum, and minimum values of the blood pressure waveforms using a custom software program written in Matlab (Mathworks, Natick, MA, USA). Mean (MFV), systolic and diastolic (DFV) flow velocities were determined from the mean, maximum, and minimum cerebral blood flow velocity within each cycle. Global MFV, systolic flow velocities, and DFV were estimated by averaging the cerebral blood flow velocity variables obtained for the right and the left sides and were used for analysis. Pulse pressure was calculated as the difference between systolic arterial blood pressure and DBP. Pulsatility index was computed as (SFV-DFV)/MFV. Mean hemodynamic variables were obtained by averaging 5-minute steady-state data.
Dynamic Cerebral Autoregulation
Prior studies have established that the frequency-domain transfer function analysis is a valid method for examining dCA. 24, 25 This method examines the relationship between the spontaneous beat-to-beat fluctuations in MAP and MFV observed at rest. The arterial blood pressure and right and left cerebral blood flow velocity waveforms obtained at 500 Hz were resampled to 5 Hz and low pass filtered with a cutoff of 0.4 Hz to provide the mean values. The power spectral densities for MAP and MFV were calculated by the Welch average modified periodogram method. The waveforms were linearly detrended, smoothed through a Hanning Window, and transformed through Fast Fourier analysis. 26 The power spectral estimates were averaged across all windows. The cross spectrum between MAP and MFV signals was calculated and used to determine coherence, transfer function phase and gain. Confidence intervals and precisions of estimates for phase and gain were derived based on the level of coherence from standard random theory. 27 The phase and gain values were weighted by their precision to obtain the most accurate means for statistical analysis. By using this method, unreliable estimates with lower coherence received appropriately small weight compared with those with higher coherence accounting for the uncertainty of estimates that may arise from the spontaneous fluctuations. 28 The weighted phase and gain estimates were averaged across each frequency to obtain the group average, which was used for subsequent analyses.
The frequency domain analysis examines the relationship between the spontaneous beat-to-beat fluctuations in MAP and MFV observed at rest. The cross spectrum between MAP and MFV signals are used to determine coherence, phase and gain of the transfer function. The phase shift reflects the temporal difference between transmissions of oscillation from MAP to MFV. If the oscillations of MFV and MAP are almost synchronous, the phase shift approaches zero, which implies impaired dCA and higher phase represents better dCA. Gain, however, is the magnitude of transmission of MAP oscillations to MFV. Effective dCA dampens the transmission of lowfrequency MAP oscillations onto MFV. Therefore, lower gain in the lowfrequency range can be interpreted as effective dCA. The coherence varies between 0 and 1, and similar to a correlation coefficient, it expresses the fraction of MFV signal that is linearly associated with MAP in the frequency domain. The transfer function phase, gain and coherence were calculated for low (LF, 0.03 to 0.15 Hz) and high (HF, 0.16 to 0.5 Hz) frequency ranges. As dCA can take B2 to 10 seconds to engage, frequency domain analysis of dCA is typically studied at frequency rangesp0.15 Hz; however, the measures are reported for the entire frequency spectrum. 29 We did not observe a difference between the right and left transfer function parameters; therefore, values from both sides were averaged and the global values were reported.
Statistical Analysis
Subject characteristics were summarized using mean and standard deviation for the continuous variables and frequency distribution for the categorical variables. A weighted multivariable linear regression model was used to analyze the association between dCA and PI as predictors and three different continuous MRI measurement outcomes (WMH with intracranial volume normalization, FA and MD in NAWM). Separate analyses were performed for each MRI outcome with all the predictors adjusted for age, gender, race, diabetes, and hypertension. To account for multiple comparisons, an alpha level of 0.01 was used to determine statistical significance. Subjects were also divided into two groups based on their median score for FA and MD in NAWM. A non-parametric Wilcoxon two-sample test was performed for each FA and MD groups to examine the difference in phase and gain between each group. Spearman rank correlation coefficients were also performed to analyze the association between dCA and FA in the MCA-supplied territory, non-MCA supplied territories, and the whole brain. All statistical analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC, USA). 
RESULTS
In this study, 85% of the subjects were white, 42% diabetic, and 70% hypertensive with reasonably well-controlled blood pressures as measured on the study day (Table 1) . Cerebrovascular hemodynamic variables were comparable with previously reported values for this age group. 30 In our study, WMH was predominantly observed in the periventricular regions, especially around the anterior and posterior horns of the ventricles (Figure 1) . In some individuals, WMH was also evident in the deep white matter regions. Cerebrovascular Hemodynamics and Global Cerebral White Matter Structural Integrity Pulsatility index was associated with WMH but not with DTI measures (FA and MD) in NAWM. Individuals with higher PI (lower cerebrovascular compliance) had a larger volume of WMH (Po0.005). There was no relationship between MAP or Pulse pressure and WMH volume, FA or MD ( Table 2) .
Measures of dCA in the LF range were primarily associated with FA and MD ( Table 2 ). Higher phase (better dCA) in the LF range was associated with higher FA (Po0.001) and lower MD (greater structural integrity) in NAWM (P ¼ 0.005). Lower gain in the LF range (better dCA) was also associated with higher FA in NAWM (P ¼ 0.001). The relationship for phase were also observed in the HF range where higher phase was associated with higher FA (Po0.001) and lower MD in NAWM (Po0.001). Similar relationship between LF and HF phase and FA were also observed in the regions of WMH (Supplementary Table 3) . For the majority of oscillations across the entire frequency range, phase and gain measures indicated better dCA in individuals with higher FA Table 2 . Associations between measures of cerebral white matter structural integrity and physiologic measures ( Figure 2 ). Phase, but not gain, was also related to MD for the majority of the frequency range. There was no significant relationship between measures of dCA (phase and gain) and WMH volume.
Cerebrovascular Hemodynamics and Regional Cerebral White Matter Structural Integrity
We also examined the relationship between dCA and white matter structural integrity in the MCA-supplied territory ( Figure 3 ). Similar to our white matter analysis across the entire brain, we found a strong relationship between phase in the LF region and FA in the NAWM in the MCA and non-MCA supplied territories. We did not find any relationship between gain and FA. None of the measures of dCA were associated with MD in the MCA territory (data not shown).
DISCUSSION
Our study shows that impaired cerebrovascular hemodynamics are associated with cerebral white matter injury in elderly individuals with vascular risk factors. Dynamic cerebral autoregulation was less effective in individuals with greater damage in NAWM and cerebrovascular compliance was lower in individuals with greater volume of WMH. Our findings provide additional support linking cerebrovascular impairment to cerebral white matter injury. Understanding the relationship between dCA and white matter structural integrity early in the course of white matter damage, at a time when interventions might be most effective, may lead to new therapeutic targets for the prevention and treatment of white matter disease. In this study, the most robust relationship was between the phase and FA in NAWM. This relationship persisted across all frequencies and in both the regional (MCA territory only) and global (whole brain) analysis. In fact, previous studies utilizing transfer function analysis for the assessment of dCA have shown that phase may be a much more sensitive measure of dCA than gain. 29 Similarly, because MD measures average diffusion across each voxel, it may not be sensitive to subtle changes in white matter microstructure. In support of this, a recent study demonstrated that unlike the FA metric, MD was not associated with development of WMH as estimated from growing and de novo WMH volumes. 15 Therefore, our finding, which shows a strong relationship between dCA and early white matter injury, is also physiologically supported by prior studies, which identify phase of dCA and FA in NAWM as sensitive measures of autoregulation and white matter structural integrity, respectively.
As we were most interested in understanding the relationship between cerebrovascular hemodynamics and early white matter changes, we limited our DTI analysis to the NAWM. The early changes in the NAWM, which constitutes the largest white matter component of the brain in most individuals, including those with severe WMH, may have a greater impact on cerebral function than the WMH volumes. 31 A recent study Figure 3 . Relationship between dynamic cerebral autoregulation and fractional anisotropy in normal-appearing white matter in the middle cerebral artery territory and whole brain. Scatterplots illustrate the relationship between transfer function phase or gain and fractional anisotropy in normal-appearing white matter supplied by the middle cerebral artery (MCA region), normal-appearing white matter not supplied by the MCA (non-MCA regions) and the whole brain normal-appearing white matter (Global). The shaded region in each graph represents the 95% confidence intervals of the linear prediction line. r ¼ correlation coefficient; P ¼ alpha level of significance.
showed that structural abnormalities in NAWM increased with WMH severity and DTI metrics were strongly associated with cognitive dysfunction. 32 Non-invasive physiologic measures, such as dCA, which are associated with early white matter injury, will help us identify individuals at a higher risk of white matter injury and its clinical consequences of motor and cognitive decline before the development of WMH. However, non-invasive dCA measures will need to be validated in normal control subjects across all ages before they can be used to detect early white matter injury.
Surprisingly, we did not find a relationship between dCA and the volume of WMH. As reported by others, WMH volume was strongly correlated with PI. 10, 33 Those with a lower arterial compliance (higher PI) also had higher volume of WMH. There was no relationship between DTI measures and PI. Given the range of pathologic changes seen in white matter injury, one possible explanation may be that WMH and DTI measures represent different pathologic processes. Alternatively, there may be different stages of the same pathologic process. It may be that white matter shrinkage and formation of WMH follow microstructural deterioration so that early in the course, autoregulation may be impaired, but with progressive vascular and white matter damage autoregulation becomes completely disabled and the cerebrovascular tree loses all its compliance.
Finally, it is also important to note that we did not observe a relationship between MAP or PP and WMH. The most likely explanation is that the majority of participants in this study were well-controlled hypertensive within a very narrow age and blood pressure range. It has also been shown that progression of WMH is slowed in well-controlled hypertensive participants suggesting a potential benefit of treatment. 34 Prior studies that have shown a link between blood pressure and white matter injury have included a diverse age group of hypertensive participants with various levels of blood pressure control. [35] [36] [37] Our study is limited by its cross-sectional design, which prevents us from assuming any causal relationship between impairment in cerebral hemodynamics and cerebral white matter injury. Future longitudinal studies are needed to better understand the relationships reported in our study. Second, dCA was only measured in the MCA territory, and we do not have measures of autoregulation in other vascular territories. However, we found that dCA in the MCA territory was not only related to global DTI measures, but also to the MCA and non-MCA territory DTI measures as well. Our findings suggest that dCA in the MCA territory, which is the largest vascular territory in the brain, may be a reasonable measure of global dCA. However, this hypothesis will need to be confirmed by future studies with simultaneous dCA measures in the anterior, middle, and posterior cerebral arteries.
In summary, we show that in elderly individuals with vascular risk factors, impaired cerebrovascular hemodynamics are associated with cerebral white matter injury. Dynamic cerebral autoregulation is strongly correlated with loss of structural integrity in NAWM and reduced cerebrovascular compliance is associated with WMH. The different patterns of cerebrovascular hemodynamics in NAWM and WMH may represent different pathologic process or could represent different stages of the same pathology.
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